Tumor budding in colorectal carcinoma has been associated with poor outcome in multiple studies, but the absence of an established histologic cutoff for "high" tumor budding, heterogeneity in study populations, and varying methods for assessing tumor budding have hindered widespread incorporation of this parameter in clinical reports. We used an established scoring system in a population-based cohort to determine a histologic cutoff for "high" tumor budding and confirm its prognostic significance. We retrieved hematoxylin and eosin-stained sections from 553 incident colorectal carcinoma cases. Each case was previously characterized for select molecular alterations and survival data. Interobserver agreement was assessed between 2 gastrointestinal pathologists and a group of 4 general surgical pathologists. High budding (Z10 tumor buds in a Â20 objective field) was present in 32% of cases, low budding in 46%, and no budding in 22%. High tumor budding was associated with advanced pathologic stage (P < 0.001), microsatellite stability (P = 0.005), KRAS mutation (P = 0.010), and on multivariate analysis with a >2 times risk of cancer-specific death (hazard ratio = 2.57 [1.27, 5.19]). After multivariate adjustment, by penalized smoothing splines, we found increasing tumor bud counts from 5 upward to be associated with an increasingly shortened cancer-specific survival. By this method, a tumor bud count of 10 corresponded to approximately 2.5 times risk of cancer-specific death. The interobserver agreement was good with weighted k of 0.70 for 2 gastrointestinal pathologists over 121 random cases and 0.72 between all 6 pathologists for 20 random cases. Using an established method to assess budding on routine histologic stains, we have shown that a cutoff of 10 for high tumor budding is independently associated with a significantly worse prognosis. The reproducibility data provide support for the routine widespread implementation of tumor budding in clinical reports.
Abstract: Tumor budding in colorectal carcinoma has been associated with poor outcome in multiple studies, but the absence of an established histologic cutoff for "high" tumor budding, heterogeneity in study populations, and varying methods for assessing tumor budding have hindered widespread incorporation of this parameter in clinical reports. We used an established scoring system in a population-based cohort to determine a histologic cutoff for "high" tumor budding and confirm its prognostic significance. We retrieved hematoxylin and eosin-stained sections from 553 incident colorectal carcinoma cases. Each case was previously characterized for select molecular alterations and survival data. Interobserver agreement was assessed between 2 gastrointestinal pathologists and a group of 4 general surgical pathologists. High budding (Z10 tumor buds in a Â20 objective field) was present in 32% of cases, low budding in 46%, and no budding in 22%. High tumor budding was associated with advanced pathologic stage (P < 0.001), microsatellite stability (P = 0.005), KRAS mutation (P = 0.010), and on multivariate analysis with a >2 times risk of cancer-specific death (hazard ratio = 2.57 [1.27, 5.19] ). After multivariate adjustment, by penalized smoothing splines, we found increasing tumor bud counts from 5 upward to be associated with an increasingly shortened cancer-specific survival. By this method, a tumor bud count of 10 corresponded to approximately 2.5 times risk of cancer-specific death. The interobserver agreement was good with weighted k of 0.70 for 2 gastrointestinal pathologists over 121 random cases and 0.72 between all 6 pathologists for 20 random cases. Using an established method to assess budding on routine histologic stains, we have shown that a cutoff of 10 for high tumor budding is independently associated with a significantly worse prognosis. The reproducibility data provide support for the routine widespread implementation of tumor budding in clinical reports. C olorectal carcinoma (CRC) ranks second in cancer death among malignancies that affect both men and women in the United States. 1 Pathologic stage remains the most robust means of estimating prognosis in affected patients, but outcome can vary within stage groups; thus, investigators have sought other factors that might contribute to prognosis. Tumor budding is a histologic feature consistently associated with adverse outcomes in CRC. 2, 3 It has been designated as an adverse prognostic factor by the International Union against Cancer 4 on the basis of data from several studies. 2, [5] [6] [7] [8] The International Union against Cancer placed tumor budding in the category of "additional prognostic markers," along with histologic grade, perineural invasion, and tumor border. Still, widespread incorporation of tumor budding assessment into routine pathology reports has been hindered by several factors, including heterogeneity in patient groups studied with regard to tumor site and stage, heterogeneity in the definition of a tumor bud, varied scoring systems for tumor budding, and the absence of an established histologic cutoff for high tumor budding. 3 We used a scoring system proposed by Ueno et al 7 and modified by Mitrovic et al 3 to score tumor budding in a population-based cohort of older women with CRC.
We aimed to assess the prognostic import of tumor budding and to clarify a histologic cutoff for "high" tumor budding. We also tested potential molecular correlates to determine whether the high-tumor budding phenotype corresponds to a distinct molecular signature.
METHODS AND MATERIALS

Cohort Recruitment and Case Ascertainment
Details regarding the methods used for recruitment and enrollment of Iowa Women's Health Study (IWHS) participants have been reported elsewhere. 9 In brief, a 16page baseline questionnaire was sent to 99,826 randomly selected women, ages 55 to 69 years, who resided in Iowa and held a valid driver's license at baseline, in January 1986. Of these, 41,836 women (42%) returned the baseline questionnaire, constituting the full IWHS subject cohort. Incident CRC cases were identified through the State Health Registry of Iowa. 10 Annual matching between a computer-generated list of all cohort members and the records of Iowans with incident cancer in the SEER program registry was performed. Demographic characteristics and CRC incidence rates for baseline survey responders and nonresponders have previously been shown to be similar. 11 Data regarding tumor location, grade, SEER stage, chemotherapy exposure, and radiation therapy exposure were obtained from the SEER registry.
Mortality Measurement
Vital statistics and state of residence for IWHS participants were determined by mailed questionnaires in 1987, 1989, 1992, 1997, and 2004 , as well as through linkage to Iowa death certificate records. Previous studies have estimated that 99% of all cancer-related deaths among IWHS cohort members are captured through this approach. 12 
Tissue Collection and Processing
Archived, paraffin-embedded tissue specimens were requested for incident CRC cases diagnosed from January 1, 1986 through December 31, 2002 as part of an NCI-funded molecular epidemiology project (CA107333; P.J.L.). For each participant, records were obtained from the pathology laboratory through an introductory request letter, with a second request letter and an additional telephone request utilized as needed. Pathology reports, diagnostic slides, and tissue blocks were mailed directly to Iowa Cancer Registry staff for initial accessioning, followed by shipment to the study laboratory coordinator at Mayo Clinic Rochester.
Pathologic Analysis
Confirmation of CRC diagnosis and tissue block selection was performed for each case by an experienced gastrointestinal (GI) pathologist (T.C.S). In total, pathology materials were retrieved for 553 incident CRC cases.
Hematoxylin and eosin (H&E)-stained slides for each CRC case were reviewed independently by 1 pathologist (T.C.S.). Tumor grade, tumor-infiltrating lymphocytes, Crohn-like inflammatory infiltrate, and vascular invasion were recorded, and the maximum number of tumor buds was determined at the advancing edge of the tumor in a Â 20 objective field (0.95 mm 2 ) as previously described by Ueno et al. 7 Briefly, we defined a tumor bud as a collection of <5 neoplastic cells. We scanned the advancing edge of the tumor at Â 10 objective for the place where budding appeared to be maximal. Then, at Â 20 objective, the area was examined to determine the maximum number of tumor buds in a microscopic field (0.95 mm 2 ). Microscopy was performed using the Olympus BX41 (Olympus America Inc., NY) using routine H&E-stained sections only, without aid of immunohistochemistry. Tumor budding was recorded as a continuous variable, but it was also categorized as an ordinal variable, that is, tumor bud score, to facilitate comparison with prior studies. Cases with Z10 buds were classified as high budding, those with 1 to 9 buds were classified as low budding, and those without buds were classified as no budding. A total of 121 cases were independently reviewed and assessed for tumor budding by a second pathologist with an interest in GI pathology (R.P.G.) in order to assess interrater agreement. The final score for each case to be used in all subsequent analyses was that determined by the senior pathologist (T.C.S.). Four general surgical pathologists with no special interest in colon carcinoma or tumor budding (Y.R, J.J.G., S.E.K., and H.E.L.) and the 2 GI pathologists (R.P.G. and T.C.S.) independently reviewed 20 of the 121 randomly selected cases to assess interrater agreement to evaluate the reproducibility of tumor budding assessment by general pathologists. Each of the 4 general surgical pathologists received training at different institutions.
Each patient had been previously characterized for select molecular alterations including microsatellite instability, KRAS and BRAF mutation status, and CpG island methylation phenotype status. [13] [14] [15] Statistical Analysis Data were descriptively summarized using frequencies and percentages for categorical variables and medians and ranges for continuous variables. Associations of tumor budding with histologic and clinicopathologic features were assessed using w 2 tests for categorical variables and analyses of variance for continuous variables. We used weighted k coefficients to compare agreement in tumor bud scores for 121 cases read by both GI pathologists and 20 cases read by both GI and 4 general pathologists.
Post-CRC follow-up was calculated as the time from initial CRC diagnosis to death or end of the defined study period (December 31, 2010). Two sets of survival analyses were carried out: one based on all-cause survival and the other based on CRC-specific survival. For the latter analyses, subjects dying of causes unrelated to CRC were censored at the date of death.
Multivariate Cox proportional hazards regression analyses were used to estimate survival hazard ratios (HRs) and 95% confidence intervals for tumor budding categories, using the lowest categorized value as the referent group. Tests for trend were carried out by ordering the categories from lowest to highest and including the resulting variable as a 1 degree of freedom linear term in the Cox regression models.
After the analyses of categorized bud scores, we reassessed associations using the uncategorized bud counts by penalized smoothing splines (or P-splines). 16 All Cox regression analyses were adjusted for the potential confounding effects of age at CRC diagnosis; year of CRC diagnosis (1986 to 1989, 1990 to 1999, or 2000 to 2002) ; anatomic subsite (proximal colon, distal colon, or rectum); tumor grade (1, 2, or 3/4); AJCC tumor stage (local, regional, or distant); histologic variables such as vascular invasion, tumor-infiltrating lymphocytes, and Crohn-like infiltrate; chemotherapy exposure (no or yes); radiation therapy exposure (no or yes); p53; KRAS mutation status; microsatellite instability; and pathology reviewer. All statistical tests were 2-sided, and all analyses were carried out with the SAS[r] proprietary software, release 9.2 [TS2M3] for Linux and R version 2.14.0 (Vienna, Austria).
RESULTS
Among the 553 CRC cases, 179 (32%) had high tumor budding (Z10 tumor buds in a Â 20 objective field), 252 (46%) had low tumor budding, and 122 (22%) had no tumor budding. Figure 1 illustrates representative photomicrographs of high, low, and no tumor budding. The median tumor bud count for the entire population was 5 buds in a Â 20 objective field (range, 0 to 32). On analysis of 121 randomly selected cases reviewed by each GI pathologist independently, the agreement in tumor bud score was good with a weighted k of 0.70 (95% confidence interval, 0.53-0.79). The agreement between the 6 pathologists for the 20 randomly selected and independently reviewed cases was also good with a weighted k of 0.72. Table 1 summarizes the relationship between tumor budding and the studied clinicopathologic variables. Patients with high tumor budding were more likely to have venous invasion and lymphatic invasion, to present with regional or metastatic disease, and to have received chemotherapy. Tumors with high budding were more likely to be microsatellite stable (MSS) and were more often characterized by KRAS mutations. Consistent with the association of high tumor budding with microsatellite stability (P = 0.005), low or no tumor budding was associated with increasing number of tumor-infiltrating lymphocytes (P < 0.001). A Crohn-like lymphoid reaction was not significantly related to tumor budding (P = 0.5333). There was no correlation between tumor budding and histologic grade, tumor site, radiation treatment, BRAF mutation, or CIMP status. Table 2 shows associations between tumor budding and CRC-specific mortality when tumor budding is stratified into 3 groups (none, low, high) or 2 groups (low, high).
Tumor Budding and Clinicopathologic Features
Tumor Budding and Survival
In the 3-group scheme, multivariate analysis accounting for all of the variables noted in the table showed that patients with high budding were roughly 2.5 times more likely to die of CRC than those with no budding. In the 2-group FIGURE 1. A, This is a representative photomicrograph of high tumor budding, which was characterized by Z10 buds in a Â20 objective field. B, Low tumor budding, shown in this photomicrograph, was characterized by <10 buds per 20Â objective field. C, An example of a case with no buds (20Â objective).
analysis, patients with high budding were approximately twice as likely as those with low budding to die of CRC. Associations between tumor budding and all-cause mortality were in a similar direction, but lower magnitude, compared with CRC-specific mortality results.
Histologic Cutoff for High Budding
We evaluated the association between incremental tumor bud counts and risk of cancer-related death, adjusted for multiple variables, by penalized smoothing splines 4 as shown in Figure 2 . Note that the risk of CRCrelated death continues to increase with increasing bud count, illustrating the strong relationship between tumor budding and CRC-related death over a wide range of tumor bud scores. In this analysis, a doubling of the risk of death due to disease is denoted by an HR of 2. This is reached at a bud count of 7. At a bud count of 10, the risk of death due to disease after adjustment for multiple variables increases to approximately 2.5 times baseline, that is, a HR of approximately 2.5. Together with the strong clinicopathologic correlations of tumor budding at a count of 10, we show that at this histologic cutoff the risk of death from disease is 2.5 times that of no budding providing support to the use of 10 as a clinically relevant histologic cutoff across all tumor stages using this population-based cohort.
DISCUSSION
Tumor budding is a recognized prognostic factor in CRC, but the methods of evaluation and the composition of study groups have been highly variable to date. 5, 6, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] To improve generalizability and acceptance of this parameter, the method of evaluating tumor budding should use a standardized approach that is reproducible in routine practice, uses a specific definition of a tumor bud, and correlates well with cancer-specific outcome. In 6 of the previously mentioned studies, 6, 17, 19, 21, 24, 25 the study group was restricted to a specific T stage, and each of these studies used a different evaluation method, including 5 of which used immunohistochemistry instead of routine H&E stains. In 2 of the 5 remaining studies, the definition of a tumor bud was not specified, 2,20 and 2 others used 2 different methods of tumor bud assessment. 18, 22 Although each of these studies found tumor budding to be of prognostic significance, only the study by Ueno et al 23 included a large number of cases across various T stages, used only H&E-stained sections, and used a specific definition of a tumor bud. Their publication included only rectal tumors, but it does provide, we believe, the best combination of the clear definitions, method of assessment, and large number of cases. Using their method of tumor budding assessment in every regard except for the modification proposed by Mitrovic et al 3 (objective lens magnification Â 20 rather than Â 25), we confirmed the prognostic significance of tumor budding, independent of stage and tumor site, in a large cohort of patients from the IWHS that included patients with localized, locally advanced and metastatic disease. For the purpose of comparison, the field area is also reported here.
We confirmed several already known correlations with tumor budding: high tumor budding is more common in MSS tumors, 5, 27 in tumors presenting at an advanced stage, 3 and in tumors treated by chemotherapy. High tumor budding is independently associated with a worse cancer-specific survival. 7, 17, 20, 23, 24, [28] [29] [30] In contrast to 2 prior studies from the same group, 27, 31 we observed a significant relationship between KRAS mutation status and high tumor budding. There are some differences between their studies and ours. First, in both of their studies, Zlobec et al 27, 31 used immunohistochemistry to quantitate tumor buds and scored tumor budding at a Â 40 objective. It is recognized that counting tumor budding by immunohistochemistry identifies more buds than routine sections, making comparison with our results difficult. Second, our study includes more than double the combined number of cases from the 2 studies. Third, our patients are from a population-based study rather than an institutional database or practice, which may provide a more generalizable patient population to assess clinicopathologic correlations.
As has been pointed out in multiple review articles, 3, 32, 33 the evaluation of tumor budding is not always straightforward, particularly in cases with obscuring inflammation at the advancing tumor edge. Immunohistochemistry for epithelial markers is an appealing way to avoid that problem and, not surprisingly, yields higher bud counts than those obtained using routine histology. 31, 32, 34 We agree with Mitrovic et al 3 that it is not practical in routine practice to perform immunohistochemistry for cytokeratins on every case of CRC in the current health care economic environment of cost containment. It is beyond the scope of this study to evaluate the potential cost efficiency related to decreased review time from routine use of immunohistochemistry. It is reasonable to think that any efficiency would need to be substantial to merit the routine use of immunohistochemistry as tumor budding is a prognostic marker, not a diagnostic or treatment-directing biomarker. There may yet be a role for immunohistochemistry in cases of borderline tumor budding but this would require studies designed to determine correlations between tumor bud counts on routine sections and immunohistochemistry. Until such studies are completed, we believe that cutoffs are best determined from routine H&Estained sections to allow generalization to everyday practice.
Similar to others, we found no correlation between tumor budding and BRAF mutation status or CIMP status. 27 Thus, high budding does not seem to explain the poor prognosis of the aggressive BRAF-mutant MSS phenotype.
Mitrovic et al 3 concisely summarized the issues interfering with universal reporting of tumor budding. Studies looking at interobserver reproducibility of budding assessment show mixed results ranging from fair to good. 23, 24, 28, 35 We believe that the approach outlined by Mitrovic et al 20 and used here helps to mitigate some of these issues. We used a commonly accepted definition of a tumor bud 18, 19, 21, [23] [24] [25] and used a simple bud evaluation method, which is likely to be reproducible in routine practice to confirm the robust prognostic significance of tumor budding. Our data show good reproducibility with strong agreement between 6 reviewers including 4 general surgical pathologists (weighted k 0.70 and 0.72).
There are 5 published studies proposing evidencebased cutoffs for high tumor budding. 28, 31, 34, 36, 37 Three of these studies used immunohistochemistry to evaluate budding, rendering it difficult to apply their proposed cutoffs 31, 34, 36 to routine sections. Two studies did not specify the microscope field area covered by the highpower objective, further limiting comparison with other data. 31, 34 Of the 2 studies using routine sections, 28, 37 the study by Sy et al, 37 utilized a cutoff of >9 buds in a Â 20 objective field, but they did not identify a worse survival on multivariate analysis in cases with high budding across their entire population, which contrasts with our data and that of several other studies. 2, 6, 7, 17, 18, 23, 24, 28 Choi et al 28 found >10 buds in a Â 20 field to be the appropriate cutoff for high budding in a series of 244 rectal tumors, although they used a semiquantitative approach. 28 In their recent review of the literature, Mitrovic and colleagues also argued for 10 as an appropriate threshold for high budding. From our survival analysis data, a statistically significant adverse effect is seen with tumor budding over a range of tumor bud scores beginning below 10. However, given the documented variability in count-ing tumor buds, we believe that our population-based data would support the use of a cutoff of 10 proposed by Mitrovic et al 3 and others 23, 28 as reasonable. The spline diagram shows that around a tumor bud count of 7, the HR (ie, relative risk of cancer-specific death) is doubled and around a score of 10 the relative risk of death from disease increased to 2.5 times that of baseline. Therefore with fair agreement between reviewers, the risk of death from disease using this approach and histologic cutoff would be expected to be approximately 2 to 3 times greater for cases classified as high budding (compared with cases with no budding). We propose that this degree of relative risk is clinically significant, and we believe this should provide practicing pathologists with the evidence to implement routine reporting of tumor budding in reports. The authors believe that the inclusion of the specific tumor bud count in the report as well as a categorization of high or low tumor budding would be helpful. We believe the incremental increase in risk of cancer-specific death with increasing score would support this proposal.
A limitation of this study is the composition of the study population by women who were predominantly of white ethnicity. There are possibly differences in the biology of the budding phenotype in other ethnic groups and men. Nevertheless, this represents the largest population-based study of patients evaluated to date. Also, we are unable to determine what proportion of our rectal carcinomas received neoadjuvant chemoradiation preventing us from assessing its impact on our findings. Given the time period of our data set, 1986 to 2002, and the establishment of neoadjuvant chemoradiation as standard of care for stage 2 and 3 rectal carcinomas in 2004, 38 we believe it is unlikely that neoadjuvant chemoradiation had a significant impact on our findings.
In conclusion, tumor budding, assessed on routine histologic sections, is an independent adverse prognostic factor in this large cohort of women with CRC. Tumor budding was strongly associated with advanced stage, microsatellite stability, KRAS mutations, and increased cancer-specific mortality. We endorse a histologic cutoff of Z10 tumor buds in a Â 20 objective field as a threshold for high tumor budding and describe an approximate 3 times greater risk of death from disease at this cutoff relative to no tumor budding.
